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Abstract 
Tension, cyclic tension-compression and partial unloading tests for two types of cold rolled brass sheet (i.e. JIS C2600R-H, 
C2600R-1/2H) were carried out in order to investigate cyclic plasticity and unloading behavior, and to determine the plastic 
dependency on Young’s modulus. The Young’s moduli for the pre-strained materials were determined in different two ways. 
For the first case, unlading stress-strain data from ı0 to 0.0MPa was used, and data from ı0 to (ı0 - 2Y0) was used for the 
second case, where ı0 and Y0 denote 90% of the stress at the beginning of unloading and the initial yield stress used in a 
constitutive equation, respectively. The saturated Young’s moduli were significantly different on C2600R-H sheet, but similar 
plastic strain dependency on Young’s modulus relationship was found on C2600R-1/2H sheet. Subsequently, U-bending 
experiments and the corresponding finite element simulations using several combinations of plastic strain dependent Young’s 
moduli and isotropic and kinematic hardening rules were conducted. The simulation results indicated that Young’s moduli 
measured using ı0 to (ı0 - 2Y0) data with elasto-plastic unloading is the best choice for springback simulation of the cold rolled 
sheets. 
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1. Introduction 
Numerical springback prediction after press forming especially for high strength steel sheets has been often 
discussed and the importance of material model including the Bauschinger effect (i.e. the early re-yielding in cyclic 
deformation) and the nonlinear response in unloading stress-strain curve are emphasized. Armstrong and Frederick 
(1966) proposed the framework of nonlinear kinematic hardening model for cyclic plasticity. Later, Chaboche and 
Rousselier (1983) presented the time dependent kinematic hardening rule. Yoshida et al. (2002) and Yoshida and 
Uemori (2002) conducted cyclic loading tests for high strength steel sheets at large strain and proposed so-called 
Yoshida-Uemori kinematic hardening model to accurately mimic the cyclic stress-strain response and the change of 
Young’s modulus after prestraining. Among these, Yoshida-Uemori model has been well studied in the sheet 
stamping field, particularly about its effectiveness on springback prediction. For example, Ghaei et al. (2010) 
implemented Yoshida-Uemori model into finite element (FE) code using their semi-implicit stress integration 
scheme and consistent tangent matrix, and demonstrated springback simulation with a good accuracy. As for the 
nonlinear unloading slope after tensile test, many experimental investigations have been reported. For example, 
Sun and Wagoner (2011) introduced the idea of “Quasi-Plastic-Elastic strain” in order to explain the recovered 
strain due to the inelastic unloading. Eggertsen et al. (2010) showed that the consideration of change of the 
Young’s modulus has great influence on the springback estimation. Zang et al. (2014) also showed the similar 
tendency for three point bending. 
Although, above reports manly focused on the case of high strength steel sheets, there are few investigations on 
copper alloy sheet. Copper alloy sheets are often used for connectors shaped by press forming, and in a recent 
automotive, thousands of terminals are used. The reliability of such terminals is dependent on the contact force 
generated by the spring structure of the terminal. It is, therefore, important to evaluate springback accurately by FE 
simulation as well as the case of high strength steel sheets. Kuwabara et al. (2009) reported that the stress-strain 
curves for copper alloy sheet showed the tension-compression asymmetry and the apparent Bauschinger effect in 
stress reversal test. Hattori et al. (2013) reported that brass sheets and Cu-Ni-Si copper alloy sheet showed strong 
Bauschinger effect in cyclic loading tests.  
In the present paper, tension, cyclic loading and partial unloading tests were conducted on two types of cold-
rolled brass sheets in order to understand those stress-strain responses under large strain cyclic loading. From the 
experimental results, material parameters for Yoshida-Uemori model were determined. In addition to that, elasticity 
parameters in the equation of “plastic strain dependency on Young’s modulus” proposed by Yoshida and Uemori 
(2002) were identified so as to be optimized for the use of Yoshida-Uemori model. The obtained parameters were 
employed for U-bending FE simulation. 
2. Elasto-plasitc responses of copper alloy sheets 
2.1. Material tests 
Two types of cold-rolled brass (JIS C2600R-H and C2600R-1/2H) sheets with the thicknesses of 0.65mm were 
used throughout this study. Uniaxial tension test, partial unloading test and cyclic tension-compression test were 
performed for the stress-strain measurements. The specimens used for uniaxial tension and partial unloading tests 
are shown in Fig. 1(a), and Fig. 1(b) is the specimen used for cyclic test. To avoid the occurrence of buckling 
during compression in the cyclic tests, we have used guide plates supporting surfaces of the specimen. Teflon sheet 
with petrolatum were sandwiched between the specimen and the guide plate to reduce friction coefficient. The 
detail of cyclic test equipment is well described in Hattori et al. (2013). The applied load was released every 5% of 
strain during partial unloading test. These unloading stress-strain curves were used for Young’s moduli 
measurement. In the present study, material parameters in Yoshida-Uemori model (Y0, a0, C1, C2, m, b, Rsat and h) 
are determined (see Hattori et al. (2013) for more details). Additionally, Yoshida et al. (2002) suggested to 
measure the Young’s moduli during unloading by using linear least square fitting and the obtained relationship 
between Young’s moduli and plastic strain was well approximated by the following equation. 
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where E, Eo and Ea are the Young’s modulus, its initial and saturated values, respectively. ȗ is the saturation rate 
of the Young’s modulus parameter, and p is the accumulated equivalent plastic strain. Fig. 2 shows the two 
different data acquisition procedures for Young’s moduli evaluation. Hama and Takuda (2011) calculated 
unloading curves for Magnesium alloy sheet using crystal-plasticity FE simulation combined with the rate 
dependent constitutive equation. They found that the instantaneous Young’s modulus at the beginning of unloading 
becomes unstable due to viscosity. Therefore, we have calculated Young’s modulus in two different definitions. 
For the first case, stress-strain data from ı0, which is the 90% of the stress at the end of pre-straining, to 0.0MPa 
was used and its slope calculated by linear least square fitting was obtained as Young’s modulus for the given 
plastic strain. The same fitting technique was used for the second case by using the stress-strain data from ı0 to ı0-
2Y0. The second data acquisition supposes the use of kinematic hardening model which describes early re-yielding 
during unloading. When the material shows relatively low initial yield stress Y0 and large workhardening, Young’s 
moduli obtained using the above two sets of unloading data would be considerably different. 
              
(a)                                                                    (b) 
Fig. 1.  Specimens (a) for uniaxial tension and partial unloading tests and (b) for cyclic loading test. 
 
Fig. 2.  Schematic illustration of data acquisitions for Young’s modulus measurement. 
2.2. Parameter identification results 
The identified parameters for the present copper alloy sheets are shown in Table 1, and the comparisons of 
stress-strain curves between experimental results and Yoshida-Uemori model calculations are shown in Fig. 3. It is 
obvious that the identified material parameters are adequate enough to calculate the workhardning and cyclic 
characteristics in both copper alloy sheets. Elastic parameters Eo, Ea and ȗ in Eq.(1) determined from the 
prescribed two sets of data are shown in Table 2. Here ƍı0 - ƍ and ƍı0 - (ı0 - 2Y0ƍ in Table 2 represent elastic 
parameters calculated using unloading data from ı0 to 0.0MPa and ı0 to (ı0 - 2Y0), respectively, and these 
notation will be used throughout the paper. Fig. 4 shows the plastic strain dependencies on Young’s modulus for 
the present copper alloy sheets and those approximations using Eq.(1). From Fig. 4, it can be easily found that the 
plastic strain dependencies on Young’s modulus for the heavily cold-rolled copper alloy sheet, C2600R-H, are 
significantly different dependent on unloading data used for the parameter identification. The saturate Young’s 
modulus for ƍı0 - (ı0 - 2Y0ƍ unloading data is 85610.0MPa and that for ƍı0 - ƍ data is 73580.0MPa. On the other 
hand, C2600R-1/2 sheet showed almost the same saturate Young’s moduli between two data sets. Since C2600R-H 
sheet shows relatively low yield stress, Y0=160.0MPa, and the largely workhardening, re-yielding takes place 
during unloading when using Yoshida-Uemori kinematic hardening model. 
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      Table 1. Material Parameters in Yoshida-Uemori model for C2600R-H and C2600R-1/2H sheets. 
Material Y0 (MPa) 
a0 
(MPa) C1 C2 
b 
(MPa) m 
Rsat 
(MPa) h 
C2600R-H 160 300 1000 250 50 7 75 0.6 
C2600R-1/2H 160 170 400 170 78 3 380 0.45 
 
 
Fig. 3.  Stress-strain curves for C2600R-H and C2600R-1/2H sheets obtained by uniaxial tension and cyclic loading tests compared with these 
numerical simulations using Yoshida-Uemori model. 
        Table 2. Elasticity parameters for C2600R-H and C2600R-1/2H sheets. 
Material Young’s modulus measurement Eo (MPa) Ea (MPa) ȗ 
C2600R-H ı0 - 0 116580 73580 494.61 ı0 - (ı0 - 2Y0) 116580 85610 820.09 
C2600R-1/2H ı0 - 0 117470 65630 830.88 ı0 - (ı0 - 2Y0) 117470 68749 1021 
 
3. Springback after U-bending 
3.1. Experiment 
U-bending experiment was carried out in order to investigate the springback behavior of the present copper 
alloy sheets. Such bending is the frequently used press forming to make connectors. The schematic illustration of 
the experimental setup is presented in Fig. 5. The blank sheet is the rectangular shape with 30.0mm width and 
100.0mm length, and the longitudinal direction is the rolling direction. The sheet was clumped by punch and 
counter punch as seen in Fig. 5 and no lubricant was applied between tools and sheet. The punch moved down 
50.0mm with the punch speed of 10.0mm/min for bending and pulled up so as to observe springback deformation. 
7KHDQJOHșEHWZHHQKRUL]RQWDO OLQHDQG WKHZDOORI WKHVKHHWZDVPHDVXUHGDIWHU WKHH[SHULPHQWDVVHHQRQ WKH
right hand side in Fig. 5. 
3.2. FE simulation 
U-bending process was calculated using FE simulation and angle ș after springback was compared with the 
experimental results. MSC Marc 2008 with the symmetric U-bending model was used for simulations. The sheet 
consists of 10 quadrangular elements along thickness direction and plane strain selected reduced integration 
element was employed to avoid the occurrence of shear locking. The sheet model consists of 5511 nodes and 5000 
elements. Several combination of hardening rules and elastic parameters (i.e. Eo, Ea and ȗ) were employed in the 
simulation; (i) Yoshida-Uemori model + ƍı0 - ƍ, (ii) Yoshida-Uemori model +  ƍı0 - (ı0 - 2Y0ƍ and (iii) IH model 
+ consistent Eo. In many press forming FE software, springback calculation is conducted as the completely elastic 
deformation process. Therefore, we have carried out the both elastic unloading and elasto-plastic unloading 
simulations for the models (i) and (ii). User defined materials (i) and (ii) were implemented into MSC Marc by 
using user subroutine HYPELA2. 
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Fig. 4.  Plastic strain dependencies on Young’s modulus for C2600R-H and C2600R-1/2H sheets. 
     
Fig. 5.  Schematic of experimental setup for U-bending test and measurement of angle ș after springback. 
3.3. FE simulation 
From the view point of material modeling and parameter identification, it can be said that Yoshida-Uemori 
model + ƍı0 - (ı0 - 2Y0ƍ could be the best combination for the description of the unloading behavior, and would be 
able to accurately predict springback deformation. Hence, the accuracy of numerical predictions for other cases 
will be discussed by comparing the results with Yoshida-Uemori model + ƍı0 - (ı0 - 2Y0ƍ calculation result. Fig. 6 
shows the comparison of angle ș between experiment and calculations for C2600R-H sheet. Firstly, the error in 
angles ș between experiment and calculation using Yoshida-Uemori model + ƍı0 - (ı0 - 2Y0ƍ is about 1o. This 
error is possibly caused by the anisotropy of the sheet. Through von Mises isotropic yield function is assumed in 
FE simulation, actual material could show strong anisotropy. As is the evidence, U-bending experiment with the 
specimen which longitudinal direction correlates with the transverse direction results in ș = 62.25o. In the case of 
Yoshida-Uemori model + ƍı0 - ƍ with elastic unloading, the calculated ș is almost the same as the result with 
Yoshida-Uemori model + ƍı0 - (ı0 - 2Y0ƍ. On the other hand, Yoshida-Uemori model + ƍı0 - ƍoverestimates the 
springback deformation while Yoshida-Uemori model + ƍı0 - (ı0 - 2Y0ƍwith elastic unloading and IH model 
underestimate the springback. 
Fig. 7 shows the results for C2600R-1/2H. The predicted springback deformation using Yoshida-Uemori model 
+ ƍı0 - (ı0 - 2Y0ƍ is accurate. Overall tendency of springback predictions using each model is almost the same as 
the results of C2600R-H. There are, however, two differences from C2600R-H. Firstly, Yoshida-Uemori model 
+  ƍı0 - ƍ with elastic unloading, which provided good accuracy for C2600R-H sheet, evaluated about 1o smaller ș 
than that with Yoshida-Uemori model + ƍı0 - (ı0 - 2Y0ƍ. Secondly, Yoshida-Uemori model + ƍı0 - ƍ, which 
underestimated springback deformation for C2600R-H sheet, well predicted the springback for C2600R-1/2H. 
4. Conclusions 
Elasticity parameters to describe nonlinear unloading behavior so as to be appropriate for the use of Yoshida-
Uemori model. U-bending simulation results said that Yoshida-Uemori model + ƍı0 - (ı0 - 2Y0ƍZLWKHODVWR-plastic 
unloading simulation is the best choice for the numerical springback prediction for cold-rolled copper alloy sheets. 
$GGLWLRQDOO\HODVWLFXQORDGLQJXVLQJ<RXQJ¶VPRGXOXVREWDLQHGIURPƍı0 - ƍGDWDVRPHWLPHVXQGHUHVWLPDWHVWKH
amount of springbakck of cold-rolled sheet. 
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Fig. 6.  Comparison of specimen shapes after U-bending and angle ș for C2600R-H sheet between experimental result and simulations. 
 
Fig. 7.  Comparison of specimen shapes after U-bending and angle ș for C2600R-1/2H sheet between experimental result and simulations. 
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